Introduction
Glomerular filtration is coupled to tubular reabsorption by a system of tubuloglomerular feedback (TGF). TGF operates within the juxtaglomerular apparatus (JGA) of each nephron, where changes in the salt content of tubular fluid at the end of Henle's loop are sensed and transmitted to the glomerular microvasculature to evoke compensatory changes in single nephron GFR (SNGFR). The molecular mediator(s) of TGF has not been confirmed, but one of the main theories to account for TGF is the so-called adenosine hypothesis. According to the adenosine hypothesis, the consumption of ATP during NaCl transport across the macula densa causes adenosine to accumulate in the region of the macula densa, from where it diffuses to the vascular pole of the glomerulus and causes vasoconstriction of the preglomerular arteriole (1, 2) . This hypothesis has teleologic appeal because linking SNGFR to the ATP/ADP ratio in the tubule will protect the tubule against accruing negative energy balance regardless of whether energy balance is threatened by an increase in SNGFR or by a decrease in the ability of the tubule to generate ATP. In organs other than the kidney (especially the coronary circulation), adenosine is well established as an endogenous vasodilator that ensures blood flow to match metabolic demand. The adenosine hypothesis of TGF postulates a role for adenosine that is analogous to other organs in the sense of providing a link between blood flow and metabolism. However, the adenosine hypothesis of TGF requires adenosine to cause renal vasoconstriction, not vasodilation. This is because blood flow in the kidney is a main determinant of metabolic work.
There are published data consistent with the adenosine hypothesis of TGF. For example, activation of adenosine A1 receptors with exogenous agonists causes vasoconstriction of the preglomerular arterioles (3) and postischemic renal vasoconstriction can be blocked with A1-receptor antagonists (4) . Furthermore, endogenous adenosine must be present for TGF to function normally, as A1 receptors blockers can prevent the TGF-mediated decline in glomerular capillary pressure that normally occurs when the loop of Henle is perfused at supraphysiologic flow rates with artificial tubular fluid (2) . However, the fact that adenosine must be present in order to elicit the maximum TGF-mediated change in glomerular capillary pressure need not imply that adenosine mediates TGF. For example, it is possible for TGF to affect SNGFR independent of glomerular capillary pressure (5, 6) , and there are other vasoconstrictors, most notably angiotensin II, that enhance the TGF-mediated change in glomerular capillary pressure but do not mediate the TGF response (6) (7) (8) .
Nephron function is stabilized by tubuloglomerular feedback (TGF). TGF operates within the juxtaglomerular apparatus, sensing changes in tubular flow and eliciting compensatory changes in single nephron GFR (SNGFR). The mediator(s) of TGF remains unconfirmed. One theory is that ATP consumed in active transport by the macula densa leads to formation of adenosine, which causes glomerular vasoconstriction. We performed micropuncture in rats to test this hypothesis. Adenosine activity was manipulated by microperfusing nephrons with adenosine A1 receptor blocker, A1-agonist, or 5′-nucleotidase inhibitor. Effects on TGF were characterized by changes in TGF efficiency (the compensation for small perturbations in tubular flow) and by changes in the maximum range over which TGF can cause SNGFR to change. These data were further applied to generate TGF profiles [SNGFR versus late proximal flow (V LP )]. TGF efficiency was significantly reduced by blocking A1-receptors. TGF efficiency, TGF range, and the slope of the TGF profile (∆SNGFR/∆V LP ) were all significantly reduced by blocking 5′-nucleotidase. When adenosine activity was clamped by combining 5′-nucleotidase inhibitor with A1-agonist to determine whether TGF requires adenosine to be present or to fluctuate, the TGF slope was reduced by 83%, indicating that adenosine activity must fluctuate for normal TGF to occur and that adenosine is a mediator of TGF.
The present studies were performed to test the adenosine hypothesis more definitively. A variety of in vivo micropuncture approaches were used to measure the incremental TGF response to small perturbations in ambient tubular flow and to assess the maximum range over which SNGFR can be made to change by manipulating TGF. To exclude the possibility that adenosine is a mere background requirement of the TGF system, drugs were administered at the single nephron level in various combinations to block adenosine A1 receptors, prevent adenosine formation by 5′-nucleotidase, or clamp adenosine activity. The results of these experiments confirm that adenosine is a mediator of TGF.
Methods
Overview. Micropuncture experiments were performed in hydropenic male Wistar and Wistar-Froemter rats. The adenosine axis was manipulated at the single nephron level by infusing drug(s) into the tubular lumen. In most experiments, perfusion was orthograde from the late proximal tubule. In some experiments, perfusion was retrograde from the early distal tubule. Some experiments were performed in free-flowing nephrons to study the behavior of TGF near to the natural operating point of the nephron. In other experiments, tubular flow was interrupted by inserting a wax block into the tubule, and then flow into the loop of Henle was regulated by microperfusion. These waxblock experiments enabled us to determine the maximum range of the TGF response and to assess the contributions of proximal tubule and loop of Henle reabsorption to the apparent TGF response. Animal experimentation was conducted in accord with NIH standards for the care and use of laboratory animals.
Surgical preparation for micropuncture. Studies were performed in male Wistar rats purchased from HarlanSprague-Dawley (Indianapolis, Indiana, USA) and in adult male Wistar-Froemter rats from a breeding colony at the University of Tuebingen. Inactin anesthesia, surgical preparation, equilibration, and monitoring during micropuncture were performed according to protocols as described previously (9) . Hydropenia was maintained by infusing Ringer's saline at 2.0 mL/h. [ 3 H]Inulin (80 µCi/mL) was added as a marker of GFR. Tubular perfusion was performed with Hampel nanoliter pumps (University of Tuebingen) and artificial tubular fluid (ATF). ATF for orthograde perfusion was of the following composition: 130 mM NaCl, 10 mM NaHCO 3 , 4 mM KCl, and 2 mM CaCl 2 , 45 mg/dl urea, and 0.1% FD&C green (pH 7.4). For retrograde perfusion, ATF was altered to resemble native early distal tubular fluid (see later discussion here).
Theoretical paradigm. The conceptual framework for TGF has been described in publications from this laboratory (10) (11) (12) (13) (14) . Briefly, the TGF system operates as a negative feedback loop in which two parameters [SNGFR and late proximal flow (V LP )] are linked by TGF and glomerulotubular balance (GTB). This can be depicted graphically by two curves that intersect at a single point in a plane defined by V LP and SNGFR. This single point of intersection defines the natural operating point of the nephron. These relationships are represented by the following two equations in two unknowns, SNGFR and V LP : where SNGFR 0 denotes SNGFR during zero flow past the macula densa; f 1 is a function of V LP denoting the impact of TGF on SNGFR; and f 2 is a function of SNGFR that denotes GTB. The effect of TGF on SNGFR is nonlinear and saturable. In logistical models, the TGF curve, f 1 , is represented by a sigmoid curve (15) . Over the range of physiologically relevant SNGFR, f 2 approximates a straight line.
The tendency for the TGF system to stabilize nephron function increases with the product of the slopes of f 1 and f 2 at the operating point. This can be demonstrated by imagining the response to a perturbation in proximal tubular flow. When V LP is perturbed, TGF will mediate a reciprocal change in SNGFR that will be reflected along the proximal tubule and back to the site where the perturbation was applied. The efficiency of TGF is defined by the fractional compensation, C = -∆V M /∆V H , where V H is the applied perturbation and V M is the flow immediately upstream from the perturbation. The system is now described by three equations in three unknowns, SNGFR, V LP , and V M : Differentiation and substitution lead to the following expression for C in terms of f 1 ′ and f 2 ′:
A more detailed derivation of the relationships between C, SNGFR, V LP , TGF, and GTB has been published (10) .
The behavior of TGF was characterized in four steps. The first step involved studies analogous to the hypothetical case discussed in the derivation of Eq. 6. Flow was perturbed in free-flowing nephrons, and the TGF response was used to determine the product, f 1 ′f 2 ′. This reveals the behavior of TGF near the natural operating point. Second, SNGFR and V LP were measured during orthograde perfusion of Henle's loop in wax-blocked nephrons. Measurements were made in each nephron during high and low rates of loop perfusion. These data served two purposes. First, they established a range for f 1 . Second, they permitted calculation of f 2 ′. Data from these two sets of experiments were combined to calculate the slope of the TGF curve, f 1 ′, near the natural operating point. Third, experiments were performed to ascertain to what extent apparent changes in f 1 ′ could result from changes in loop of Henle reabsorption. This was done by measuring net reabsorption of sodium, chloride, potassium, and water from Henle's loop during orthograde perfusion of the loop. Fourth, SNGFR was measured by proximal collection while manipulating salt concentration at the macula densa by retrograde perfusion with solutions containing different amounts of salt. The purpose of these experiments was to confirm that effects of drugs delivered by orthograde perfusion could be reproduced in experiments not susceptible to confounding by a requirement to vary the rate of drug delivery.
Experiments in free-flowing nephrons.
A technique for testing the effects on TGF efficiency of drugs delivered at the single nephron level was used as described previously (11) . Ambient proximal flow and the fractional compensation for ± 5 nL/min perturbations in ambient flow were measured in free-flowing late proximal nephrons before and during pharmacologic manipulation of the adenosine axis. Tubular flow was measured by a noninvasive optical technique (videometric flow velocitometry; VMFV) as described later here. Two Hampel nanoliter pumps were used, one to deliver drugs and the other to perturb flow. Both pumps were placed into the free-flowing late proximal tubule with the drug pump 30-50 µm downstream. V M (see Eq. 5) was measured immediately upstream from the pipettes as V H was applied by adding or subtracting fluid. Measurements were made before and during tubular infusion of drug(s). Predrug measurements were made for V H (nL/min) = -5, 0, and +5. Then the drug pump was started at 5 nL/min. After 5 minutes, the perturbation cycle was repeated with the perturbation pump adjusted to compensate for the volume from the drug pump. Each perturbation was for 3 minutes, and data were collected over the last 50 seconds.
Videometric flow velocitometry. This technique was used to measure flow in unobstructed nephrons as described in several publications previously (5, (10) (11) (12) (13) (14) . Small boluses of ATF containing rhodamine B dextran as a fluorescent marker were injected into the proximal tubule by a pneumatic microinjection pump. The dye was excited by a laser reflected onto the kidney surface. The magnified image of the kidney surface was filtered to maximize resolution of emitted fluorescence and monitored with a videomicroscope. The intensity of the video image was monitored at two points downstream along the nephron. The time required for fluid to traverse the two points was calculated by cross-correlating the videodensities. Geometry of the tubular segment was measured from digitized images. Tubular fluid flow rate, V M , was calculated from the cross-correlations and geometry.
Orthograde perfusion in wax-blocked nephrons. These experiments were performed to achieve three objectives. The first objective was to establish the role of adenosine as a determinant of the maximum range over which TGF can cause SNGFR to change. The second objective was to determine the slope of the GTB function, f 2 ′, so that the TGF slope, f 1 ′, could be extracted from the fractional compensation (see Eq. 6). The third objective was to assess whether changes in f 1 resulted from events within the JGA rather than within the loop of Henle. The first two objectives were achieved with a single set of experiments. A microperfusion pipette containing ATF or ATF + drug(s) was placed in the most downstream visible segment of the proximal tubule. A wax block was inserted immediately upstream from the perfusion pipette. Perfusion was begun at 38 nL/min. After 4 minutes, a timed collection was made upstream from the wax block to determine SNGFR by [ 3 H]inulin clearance, and V LP by volumetric assessment. Then, the perfusion rate was reduced to 4 nL/min, 2 minutes allowed for equilibration, and a second collection performed. When fluid was not being collected for measurement, the late proximal tubule was vented into another pipette to prevent stasis in the proximal tubule. The maximum effect of TGF on SNGFR was taken as the increase in SNGFR when loop of Henle perfusion was reduced from 38 to 4 nL/min. The GTB slope, f 2 ′, was analyzed by correlating changes in V LP with changes in SNGFR between the first and second collections in each nephron.
In other experiments, measurements were made of the volume, sodium, and potassium (microflame photometry; ref. 16) , and chloride content (microelectrometric titration method; Microtitre ET-1, World Precision Instruments, Sarasota, Florida, USA; ref. 17 ) of fluid collected from the early distal nephron during orthograde perfusion of Henle's loop at 16 nL/min with ATF ± various drugs. This was done to confirm that the apparent effects of these drugs on TGF were not attributable to changes in loop reabsorption.
Retrograde perfusion experiments. These studies were performed to confirm that certain results obtained during orthograde perfusion of were not due to different amounts of drug reaching the macula densa at the different perfusion rates. A wax block was inserted into the early distal nephron, and Hampel microperfusion apparatus were used to deliver low-salt distal ATF ± drugs or high-salt distal ATF ± drugs by retrograde perfusion upstream from the wax block. Low-salt distal ATF contained 10 mM NaCl, 15 mM urea, and 0.1% FD&C green (pH 7.3). High-salt distal ATF contained 50 mM NaCl, 15 mM urea, and 0.1% FD&C green (pH 7.3). All perfusions were at 12.5 nL/min. A second wax block was placed in the proximal tubule. Perfusate was vented with a pipette distal to this wax block. SNGFR was measured by timed collection upstream from this wax block. Measurements were made in each nephron during high-salt and low-salt perfusion.
Drug perfusion protocols. Adenosine (ADO) activity was manipulated by delivering the following drugs directly into the tubule: (a) adenosine A1-receptor agonist Calculations and statistical analyses. For data from freeflowing nephrons, fractional compensation was calculated for each nephron by linear regression of the tubular flow, V M , against the applied perturbation, V H .
For orthograde perfusion in wax-blocked nephrons, a maximum TGF response was calculated for each nephron as ∆SNGFR = SNGFRmaxSNGFRmin where SNGFRmax is the SNGFR obtained during loop perfusion at 4 nL/min and SNGFRmin is the SNGFR obtained during perfusion at 38 nL/min. Corresponding calculations were made for the change in V LP (∆V LP ) and the change in APR (∆APR). For each nephron, SNGFRmean was also calculated as SNGFRmean = 0.5 × (SNGFRmax + SNGFRmin). The TGF curve is commonly represented by a symmetric sigmoid (15) . SNGFRmean corresponds to the value of SNGFR at the inflection point of that sigmoid curve. Intergroup comparisons were made by ANOVA with post hoc Tukey test for ∆SNGFR and for ∆SNGFR/SNGFRmean. (Normalizing the TGF response to SNGFRmean is more appropriate than the common practice of normalizing to SNGFRmax because the latter approach will introduce an apparent positive correlation between ∆SNGFR and SNGFRmax as an artifact of the random error in measuring SNGFRmax. Another justification for normalizing to SNGFRmean is that nephrons naturally operate near the TGF inflection point [5, 10] , such that SNGFRmean is close to the starting point for changes in SNGFR that are mediated by TGF under natural circumstances.)
For each group, a composite slope for the GTB curve was obtained by dividing mean ∆V LP by mean ∆SNGFR. The SE for the GTB slope was calculated from the first term of the Taylor series expansion of the GTB slope in ∆SNGFR and ∆V LP . A composite inflection-point TGF slope was computed for each group by rearranging Eq. 6 to express f 1 ′ as a function of C and f 2 ′. The SEs for f 1 ′ were calculated by Taylor series expansion of this function.
This method for computing SE for a function of random variables has been described previously (10) . The basic formula is:
where ψ is a function of two random variables, x and y; σ v 2 is the mean square error for some random variable, v; and r xy is the correlation between the random variables x and y. For the slope of the GTB function (f 2 ′), x = ∆V LP , y = ∆SNGFR, and ψ = x/y. After computing group means and SEs for f 2 ′, these results were combined with the fractional compensation data to calculate group means and SEs for the slope of the TGF curve at the operating point, f 1 ′. Eq. 7 was applied again, by rearrangement of Eq. 6, with x = f 2 ′, y = C, and
(Equation 8)
Because C and f 2 ′ were measured in separate experiments, it is not possible to quantify their correlation. However, based on the mathematical dependence of C on f 2 ′, it was assumed that they should not be negatively correlated within an experimental group. Furthermore,
(Equation 9)
Hence, when Eq. 7 is used to calculate SEs for f 1 ′, the final term in Eq. 7 should be nonpositive. Therefore, calculating SEs of f 1 ′ based on the assumption that f 2 ′ and C are not correlated will yield values greater than or equal to the true SEs.
The composite group means ± SEM generated in this way were used in intergroup comparisons by Student's t test with Bonferroni correction. In these comparisons, the degrees of freedom were calculated conservatively, based on the smaller of two sample sets (free-flow or wax-blocked) that contributed to the calculation of f 1 ′. Because these statistical tests used maximum estimates for error (as shown above) and conservative numbers for the degrees of freedom, the probability of falsely discarding the null hypothesis is less than the P values generated by the t tests.
For the retrograde perfusion experiments, the effect of clamping ADO activity on the TGF response was tested by repeated-measures ANOVA.
Results
Data were obtained from 50 rats weighing 255-346 g. Mean arterial blood pressure was 110 ± 3 mmHg.
Experiments in free-flowing nephrons. Paired perturbation cycles (control ATF followed by ATF + drug) were completed in 43 free-flowing nephrons from 17 rats (Figures 1 and 2 ). Of these, eight nephrons were tested for effects of CHA, ten nephrons were tested for effects of KW3902, 13 nephrons were tested for effects of MADP, and 12 nephrons were tested for effects of MADP + CHA (ADO clamp). Baseline V LP before administration of drug(s) was 18.1 ± 1.1 nL/min and was not different between groups (P = 0.7 for the effect of group on baseline V LP by ANOVA). Baseline TGF compensation among the 43 nephrons was 0.713 ± 0.061, with some variability between groups mostly attributable to high baseline compensation among nephrons in the KW3902 group.
The effects of manipulating the adenosine system on V LP and fractional compensation (C) were tested by repeated measures ANOVA. During perfusion with CHA, V LP declined by 29 ± 7% (P = 0.003), whereas C was unaffected (P = 0.5). During perfusion with, KW3902, V LP increased by 17 ± 5% (P = 0.02) and C declined by 44 ± 18% (P = 0.013). During perfusion with MADP, ambient V LP increased by 30 ± 8% (P = 0.001) and C declined by 24 ± 6% (P = 0.005).
MADP + CHA were perfused together with the intent of maintaining ambient tubular flow constant. However, during these perfusions, ambient V LP declined by 27 ± 6% (P = 0.0005), indicating that the perfusate contained too much CHA to achieve an adenosine clamp at the original level of activity. This maneuver tended to diminish fractional compensation, although the statistical significance was less clear-cut than for MADP alone or for KW3902.
Within each group, and across all groups, there was a significant correlation of compensation with V LP . (When VMFV data are obtained over a range of V H and fit with a polynomial, peak compensation and V LP are uncorrelated [4] . When compensation is calculated by linear regression based on a finite perturbation, this will underestimate the true maximum value, and this underestimation will be exaggerated at lower V LP . Hence, the C and V LP appear correlated in the present case.) Correcting for this confounding effect of V LP revealed a tendency for the ADO clamp to reduce the fractional compensation (P = 0.098). Also, as discussed earlier here, there was intergroup heterogeneity for predrug compensation that disappeared when the A1-blocker group was excluded from the analysis. Pooling the remaining controls and comparing these to the clamp by unpaired t test confirmed that compensation was reduced during adenosine clamp (P = 0.02).
Orthograde perfusion in wax-blocked nephrons. SNGFR and V LP were measured during minimum and maximum TGF stimulation in multiple nephrons from 17 rats (Figures 3-5 ). Collections were made during perfusion at 38 and 4 nL/min in 84 nephrons. Data from six nephrons were excluded because tubular fluid to plasma inulin ratios were not consistent with late proximal collections. The remaining 78 nephrons included 19 perfused with MADP, 19 perfused with MADP + CHA, and 40 controls. These experiments were performed after it was known that the 10-50 µM CHA used in the free-flow clamp studies reduced ambient tubular flow. For these studies, the clamp was performed with 1 mM MADP and 2 µM CHA.
Maximum TGF responses. To test for adenosine as a determinant of the maximum TGF response, intergroup comparisons were performed for both absolute changes in SNGFR (∆SNGFR) and normalized changes in SNGFR (∆SNGFR/SNGFRmean). 
Figure 2
Fractional compensation for ± 5 nL/min perturbations in V LP applied before and during addition of various drugs to the freeflowing late proximal nephrons (mean ± SEM). P values refer to the effect of each drug by repeated measures ANOVA. The adenosine A1 agonist, CHA, had no effect. The blocking adenosine A1 receptors with KW3902 or inhibiting 5′-nucleotidase with MADP clearly reduced fractional compensation. The effect of the ADO clamp was equivocal by repeated measures, although fractional compensation during the ADO clamp was significantly less than a control value pooled from all groups. A P = 0.02 by unpaired Student's t test versus homogeneous pooled controls.
SNGFRmean was 30% greater than control (P = 0.045 by ANOVA with Tukey test for multiple group comparisons). At the same time, ∆SNGFR was less by 36% (P = 0.089) and ∆SNGFR/SNGFRmean was less by 48% (P = 0.01) than in control nephrons. In these ADO-clamp experiments, the goal was achieved of not affecting SNGFRmean (P = 0.99 versus control). However, although SNGFRmean remained unchanged, the ADO clamp reduced ∆SNGFR by 52% (P = 0.008) and reduced ∆SNGFR/SNGFRmean by 52% (P = 0.004). These results are depicted in Figures 3 and 4 .
Analysis of GTB.
Values for ∆APR and ∆V LP were calculated for each nephron along with values for ∆SNGFR. The relationship between these parameters and ∆SNGFR were quantified for the nephrons in each group. As expected, both ∆APR and ∆V LP correlated strongly with ∆SNGFR. The slopes of the GTB curves (∆V LP /∆SNGFR) were 0.60 ± 0.05, 0.88 ± 0.11, and 0.99 ± 0.13 in control, MADP-perfused, and clamped nephrons, respectively. After Bonferroni correction for multiple group comparisons, MADP and ADO-clamped nephrons differed from control at P = 0.052 and P < 0.02, respectively. These results are depicted in Figure 5 .
Loop of Henle reabsorption. Nephrons were perfused from the late proximal tubule at 16 nL/min with ATF followed by ATF + CHA (n = 10), ATF + MADP (n = 10), or ATF (time controls, n = 9). The time-control experiments confirmed a stable preparation and drug perfusion experiments revealed no effect of CHA or MADP on reabsorption of water, sodium, chloride, or potassium from the loop of Henle (Table 1) .
Effects on the TGF slope. From the fractional compensation and GTB slopes, the mean ± SEM operating-point slope of the TGF curve was calculated for each group to yield slopes of 4.2 ± 1.2, 1.0 ± 0.3, and 0.7 ± 0.2 for control, MADP, and ADO clamp, respectively. After Bonferroni correction for multiple group comparisons, both MADP and ADO clamp differed significantly from control (P ≤ 0.02 for each comparison). In other words, the steepness of the slope of the TGF curve was markedly reduced by blocking 5′-nucleotidase, and there was no tendency for the TGF slope to be restored when enough adenosine agonist was added back to reverse the effect of MADP on SNGFRmean. TGF curves derived by matching ∆SNGFR and ∆V LP /∆SNGFR from the orthograde perfusions with fractional compensation measured in free-flowing nephrons are depicted in Figure 6 . To generate these curves, it was assumed that the fractional compensation reflected the behavior of TGF at the inflection point.
Retrograde perfusion experiments. SNGFR was measured in each nephron during perfusion with low-salt distal ATF (minimum TGF) and high-salt distal ATF (maximum TGF) in 32 nephrons from six rats (15 control nephrons, 17 ADO-clamp nephrons) ( Figure  7) . The ADO-clamp perfusate contained 0.5 µM CHA + 1 mM MADP in five nephrons and 1.0 µM CHA + 1 mM MADP in 12 nephrons. Values for SNGFRmean were calculated for each nephron analogous to those calculated for the orthograde perfusion studies (see earlier discussion here). There was a slight tendency for the clamp solution with the higher CHA content to manifest a lower SNGFRmean (21 ± 1 vs. 23 ± 2 nL/min; P = NS). Overall, the ADO clamp achieved the intent of not altering SNGFRmean (22 ± 1 vs. 23 ± 2 nL/min, clamp versus control, P = NS.) However, ADO clamp eliminated the change in SNGFR achieved changing salt content of the perfusate (∆SNGFR = -0.1 ± 1.6 vs. 11.2 ± 2.6 nL/min, clamp versus control, P = 0.001). In other words, clamping ADO activity abolished the TGF-mediated change in SNGFR during manipulation of macula densa salt by retrograde perfusion.
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Table 1
Content of early distal fluid during orthograde perfusion of Henle's loop at 16 nL/min with artificial tubular fluid 
Discussion
The present studies imply that adenosine exerts a tonic influence on the glomerular microvasculature and contributes to the compensatory changes in SNGFR that occur when flow is altered in the tubule. Evidence that 5′-nucleotidase activity influences basal glomerular hemodynamics is provided by two sets of experiments. First, delivering the 5′-nucleotidase inhibitor, MADP, into the free-flowing late proximal tubule caused baseline tubular flow to increase, suggesting that SNGFR had increased. A similar response was obtained with the adenosine A1 receptor antagonist, KW3902, and an opposite response was obtained with the adenosine A1 agonist, CHA. The role of 5′-nucleotidase activity as a determinant of SNGFR was confirmed in a second set of studies in which SNGFR was measured directly and found to be increased during perfusion of the loop of Henle with MADP, irrespective of the perfusion rate ( Figures 3 and 4) . In addition to influencing basal SNGFR, adenosine formed by 5′-nucleotidase was confirmed to participate in TGF. Inhibiting 5′-nucleotidase with MADP reduced the homeostatic efficiency of TGF as manifest by a lesser fractional compensation for small perturbations in V LP . Fractional compensation is the integrated result of glomerulotubular balance and TGF. After adjusting for the contribution of GTB to overall TGF efficiency (Figure 5) , MADP reduced the maximum slope of the TGF curve by more than 80% ( Figure 6 ). MADP also reduced the maximum range of the TGF response by 35-45% (Figure 4) .
Autacoid or paracrine substances that impinge on TGF may either mediate or modulate TGF. To qualify as a TGF mediator, a substance must meet the following two criteria. First, its activity must change in response to changes in delivery of NaCl to the luminal macula densa, and these changes must occur within the minute-to-minute time frame of the TGF response. Second, assuming there is only one TGF mediator, preventing the activity of that mediator from changing in response to signals from the macula densa will abolish the TGF response. In contrast, a TGF modulator does not actually cause the TGF response but operates in the background to condition the response. The activity of a modulator might or might not be linked to changes in macula densa NaCl, but if such a link is present, interrupting the link will not abolish the TGF response. It is common to think of a modulator as something that reacts more slowly than the system it modulates. However, a system that responds rapidly to changes in macula densa NaCl is not excluded from being a TGF modulator as long as there is some level of activity at which the putative modulator can be clamped without suppressing the TGF response.
In practice, it is simpler to demonstrate that a substance modulates TGF than it is to demonstrate that a substance mediates TGF, and several candidate mediators have been reduced to modulators. For example, several characteristics of the renin-angiotensin system make angiotensin II a candidate mediator for TGF. However, it has been demonstrated by these criteria that angiotensin II is an important TGF modulator but does not mediate TGF (18) . Similarly, the abundance of nitric oxide synthase in the macula densa combined with the vasodilatory influence of nitric oxide on the glomerular microvasculature suggests that TGF might be mediated by an inverse dependence of nitric oxide generation on macula densa NaCl. However, it has also been demonstrated that macula densa nitric oxide is a modulator, not a mediator, of TGF (reviewed in ref. 19) .
In the present case, inhibiting 5′-nucleotidase reduced both the slope of the TGF curve and the maximum range of the TGF response. This is sufficient to prove that 5′-nucleotidase impinges on the TGF system, but it is not sufficient to determine whether 
Figure 4
Effects of MADP and ADO clamp on SNGFR at the TGF inflection point (SNGFRmean), the maximum amount by which SNGFR can be made to change via activation of TGF (∆SNGFR), and ∆SNGFR normalized to SNGFRmean (mean ± SEM). P values shown are comparisons to control by ANOVA with Tukey adjustment for post hoc intergroup comparisons. adenosine is a mediator or a modulator of TGF. In fact, the effects of MADP could be accounted for if adenosine were merely operating in the background to intensify the response to some other vasoconstrictor or vasodilator. To test the hypothesis that adenosine is an actual mediator of TGF, experiments were performed to determine whether restoring adenosine activity to pre-MADP levels with exogenous adenosine A1 agonist would reverse the effects of MADP on the TGF response. This was the idea behind the ADO-clamp experiments in which the adenosine A1 receptor agonist, CHA, was administered along with the 5′-nucleotidase inhibitor, MADP. If the effects of MADP on TGF were reversed by addition of CHA, then adenosine would be an unlikely mediator of TGF. On the other hand, if the effects of MADP on the TGF response were not reversed by adding CHA, this would be evidence that the mere presence of adenosine is not sufficient to account for its role in TGF. Instead, adenosine activity must be allowed to fluctuate along with changes in tubular flow for TGF to operate normally, as would be expected if adenosine were a mediator of TGF. In practice it is not possible to clamp adenosine activity perfectly at pre-MADP levels because that level will be different in every nephron. Furthermore, it is not possible to know the degree to which MADP prevents adenosine from fluctuating when the TGF signal is manipulated unless MADP were to eliminate TGF completely. However, to prove that the actions of TGF can be suppressed by clamping adenosine activity, it is not essential that the clamp be perfect or that adenosine activity be identical to baseline. To achieve positive proof that adenosine mediates TGF, the model must meet two less-stringent conditions. The first condition is that the clamp must be tight enough to alter the TGF response measurably. The second condition is that the clamped adenosine activity should not be less than baseline but must not be so high as to potentially overwhelm the vascular response to other unknown TGF mediators. In the present experiments, the first condition was clearly met, as the ADO clamp had effects on the behavior of TGF that were similar to the effect of MADP alone (Figures 2 and 4) .
The second condition also appears to have been met, although this is less obvious. As surrogate measurements of adenosine activity in the different experiments, measurements were made of unperturbed V LP or SNGFRmean. In the free-flow experiments, enough CHA was given to reduce V LP by approximately 4 nL/min during the ADO clamp (Figure 1) . Therefore, it cannot be argued that too little CHA was given in these experiments. However, it is possible that too much CHA was given and that the associated decrease in ambient tubular flow caused the ambient flow to shift from a steep to a flat portion of the TGF curve. Alone, this could account for the apparent loss of fractional compensation, as fractional compensation depends on the slope of the TGF curve over the range in which the nephron operates during the perturbation experiment (see Eq. 6). However, when CHA was added alone, V LP decreased by 6 nL/min, yet fractional compensation was unaffected (Figures 1 and 2) . Therefore, it is unlikely that the ADO clamp lessened the fractional compensation purely by altering the position of the operating point along the TGF curve.
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Figure 6
TGF curves generated from the present data. Four parameters are required to generate each curve. These include SNGFRmean, ∆SNGFR, V LP at the inflection point, and f 1 ′ at the inflection point. To generate these curves, it was assumed that f 1 ′ is a symmetric sigmoid and that nephrons in the perturbation experiments were operating near the inflection points of their respective TGF curves. All other features of the curves are obtained directly from the present data.
Figure 7
SNGFR by paired proximal collections during retrograde perfusion of Henle's loop from the early distal tubule. Perfusion was at 12.5 nL/min with artificial tubular fluid (ATF) containing either 10 or 50 mM NaCl to effect minimum or maximum stimulation of TGF. To clamp adenosine activity, 5′-nucleotidase blocker and cyclohexyladenosine were added to tubular ATF. P values refer to effect of changing salt concentration. A By two-way ANOVA, the adenosine clamp reduced the TGF response (P = 0.0006) but had no effect on SNGFR independent of TGF (P = 0.75).
changes in AMP formation might have high gain in the macula densa, even though the absolute transport rate by these cells is low. Adenosine is generated in the JGA by 5′-nucleotidase and exerts a tonic influence on single nephron glomerular filtration rate and on the process of TGF. Both the maximum range over which TGF can cause SNGFR to change and the strength of the TGF response to small perturbations in ambient tubular flow are reduced when adenosine formation is suppressed or when adenosine activity is clamped. These findings establish adenosine as a mediator of TGF.
